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ABSTRACT

A method to simulate microwave heating of ceramics which has a temperature
dependent dielectric property is developed here. In this simulation study, the
impedance method is used to find the microwave energy absorbed by ceramics and
a non-linear finite element method is used to determine the dynamic temperature
profile in the ceramics during microwave heating. Using the developed method, the
thermal runaway phenomenon in the microwave heating of ceramics is successfully
simulated.With detailed analysis of the microwave energy absorption pattern in the
ceramics, the effects of dielectric properties on microwave energy absorption by
ceramics are discussed. The causes of non-uniform heating with microwave
energy that has been observed in our laboratory are also investigated.

INTRODUCTION

The use of microwave energy is a new and exciting approach in ceramic
processing. It has already been used in sintering, joining and melting of
ceramics[I]. Since microwave heating is a volumetric process, it could provide
uniform heating so that the temperature gradient vhich is observed in conventional
rapid heating methods can be avoided. Rapid and uniform heating are important in
the joining and sintering of ceramics. On the contrary, non-uniform heating is often
observed in our laboratory with microwave sintering or joining. Therefore, it is of
practical interest to simulate the phenomenon of microwave heaing for better
control and more efficient use. In spite of the significance of the problem, there is
no comprehensive analysis available which would describe the behavior of ceramic
materials exposed to electromagnetic radiation. Research by Iskander [2] and
Watters et al. [3] has revealed some of the mechanisms of microwave heating of
ceramics. However, the simulation of microwave heating of ceramics with a
temperature dependent dielectric property is still lacking. In this paper, a method of
simulating microwave heating of ceramics with temperature dependent dielectric
properties is developed here. The impedance method is used to find the microwave
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energy absorbed by ceramics. A non-linear finite element method is developed to
determine the dynamic temperature profile in the ceramics during microwave
heating. Using this _' nveloped method, the thermal runaway phenomenon in the
microwave heating o, ceramics is successfully simulated.With detailed analysis of
the microwave ener-. absorption pattern in the ceramics, the effects of dielectric
properties on micr.,wave energy absorption by ceramics are discussed. The
causes of non-uniform heating using microwave energy that has been observed in
our laboratory are Elso investigated. In doing so, a better understanding of
microwave heating of ceramics is realized.

THEORY

In order to simulate microwave heating of ceramics, it is necessary to find the
electric and magnetic field strength inside ceramics and the absorbed microwave
energy. Electric and magnetic fields are linked by Maxwell's equations, a group of
linear differential equations. Assuming an e-iO t harmonic time dependence,
Maxwell's equations can be expressed as follows,

V.(eo rE)=p, (1)

Ve (;tOIj H)=O (2)

'v x E=j wpop H (3)

Vxtl = cE-j weo7 E (4)

where eo and go are the permitivity and permeability in the vacuum, . and pr are

the relative permitivity and permeability of the material, G is the conductivity of the
material. E and H are the electric and magnetic field strength, respectively. The
propagation of energy in the electromagneic field can be deduced from this
equation system and leads to Poynting's theorem

P = -j[ExU*]dS (5)
s

which states that the mean energy, P, flowing into a surface, S, depends on the
amplitude, distribution and prevailing phase of the electric and magnetic field.
By using Gauss' law, equation 5 can be converted into the volume integral which
can then be resolved into three single integrals
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P=j AoJio(H H) dv-j(o)J 0 (E. E )dv

+(Dje.(E* E*)dv (6)
V

The first two integrals take account of the magnetic and electric fields respectively
while the third represents the necessary dissipation in the dielectric in a general
form. Therefore, the energy converted into heat by the alternating field is

P=(OeJ(E* E)dv (W) (7)
v

It increases according to the frequency, the square of the electric field strength and
the imaginary part of the dielectric constant. Once the profile cf e as function of
temperature and the electric field strength in the homogeneous body are known, it
may be possible to study the thermal runaway conditions through the
source-incorporated heat-diffusion equation. The diffusion of thermal energy in a
homogeneous bound volume V is determined by the partial differential equation

p CP -- KhV T=p (8)

where p, Cp and Kh are the mass density , specific heat and thermal conductivity of
the material, respectively. p is the microwave energy density absorbed by the
material. At the boumdary of the volume V, the boundary condition

KhfbVT =h(TTO)+Cr(T4_j (9)

must be satisfied, ip whish h is the hez! -c:nvection .xfficient, e and a. are the
emissivity of the material kaia SteLi-Ioitzmarn constant. T0 is ".e ambient
temperature. The initial condition is

T(r,O) T. (10)

This heat diffusion equation is analogous to the forced Fisher equation

Tt=Tx+G(T) (11)
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which is known to have chaotic behavior for specific initial and boundary

conditions as investigated by Fisher [ 4 ] in 1937 and Rothe [5] in 1981.

DESCRIP'TION OF T-E MODEL

For simplicity, a ceramic slab with finite thickness under plane wave radiatio:
is considered here as depicted in figure 1. The incident electric field is a
monochromatic plane wave propagatir g in tine z-direction and is polarized along the
x-axis. To account for m.aterial non-linearty during microwave heating, the slab is
further divided inte layers so tat the finite element method can be used accurately.
It is assumied that ezch element has the same material properties during the
microwave heating process at each temperature step. Since the ceramic slab is
assumed to be very large, the problem becomes one-dimensional. .a the foliowong
discussion, layers with smai!er thicknesses will be consdcred as MC.re n cia
since they may have different inaterial pr,,T..rties su,.h as di::icctric constant and loss
factor which are functions of .zmpera'.rre durirng the inic:owavc heating process.

1 2 k-1 k k+I n-1n

Z 1 Z21 7&-I1 Zk Zk+ 1 Zr-l

Incident
Wave

Z

E,

Reflected
Wave
To Si! __________

sources 1

Figure . Ceramc Slab.

To simulate microwave heaing of ceramics, the microwave energy absorbed by
the ceramic glab miust first be calculated. Therefore, the electric and magnetic fields
in the ceramic slab have to be determined first. The electromagnetic field inside a
diclectric body of arbitrary shape is difficult to determine. For the model considered
- an impr.dance method [61 is applied and proven to be effective to account for

naterial non-lineanty.
The application of the impedance method can be described a : folio ,s. When Pn

electric field is incident on the ceramic slab, which i; now a-su,aed to bz composed
of several different layer, multiple reflection will occur in the different layers
lead.-g to positive and negative traveling waves. A generalized reflection coefficier:
is dcfined for any layer as the ratio of the i,.cident and reflected field. Hence, the
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eaia~ can be represented b% me pt)live travea1ng w~ave antd the 'zeneraiized
lc~eton coeltnc:ent . in the fist laver, firie incident field is known and Lihe reflecteci

:~el is nown. For the Nuth layer. tre generalized. retiectuon coeti-cient is zero
meau eree is no negzative trveiwave The total field i.MteCance., win i

coniex andi 7oston diependent. :s derined the ratio of electrzlc fldover the
nat eld. For the _Nth ar.tne total fiel Impedarice xvff be eauai to the fe'

::re-2ance. for Lav aer. At an lnwerrate. thec total fIriel imoedances for aciacent
avtls are eaual due to the field boundar- concition at that interl-ace. With this

-onav cndto. ntoa m dac at ciffferent inter, aces Can be found. Hence.
7 e!c, e d fi clId if n e -.:":st laser is found. By usin the bounear-v condition that

fe:icteld is continuous at Ca.fl nerceteeecom necii settnn
kic taer !s readily found. The resulting filid can tnien be used to calculate Ohe

:n~crowa3Ve- enlergy-, aosorbed by that laver.
MWhen 'emcoaenergy absorued by the siab is known. tme neat d-Iffusion

__uaI. c.an one used to calculatemte teneramure variatmOn watr, rme anti lt!ion,.
Since mne oxceectric constant and loss fa-ctor are fu~nctions of teinoerature.te
-merowave energy absoroled by the ceramic slab is also a tunction of temoerature.
Hence. teheat dirfusion eaua , on b~ecomes iion-finea. A non-linear finite element
met",od zs thfereforle r'eeded to JInd -,"e Id-namnc temperattj-edismbutIOn DrofilC. A-1t
'he surface of the ceramic slab. radiation link elements are used to account for
radiation heat loss. -Co-iduction loss is neglec-ted since the radiatio ls is iaie prime
!:eat loss at, high temperature. The detailed imt '-nentatior of the non-linear analysis

is f5 ollows. The time step to do the non-linear analysis is designated first. The
te perature at thle end of time step is then estimated. The material properties at the

mntidle of the trnrierature ;,rcrement are used for each mzedia. Fhe microwave
enerzy absorh,-i 'jy each media with different d:eiectric properties is calculated
according o the techniqlue described above. The tem-oerature distributicn is then
obtained by using power absorotion data. Thle computed results will be compared
with the -- or estimated temperature. Such an iteration procedure will continue until
-he differen,:. netween the estimated and calculated temperature reaches a prescribed
value.

RESIULTIS AND DISCUSSION

Microwave Energy Absorc. .on by Ceranr.ics

By usin tntc -chniace stated above, the effects of the 1lieieCtr-ic constant and the
loss facto1 on the power acbsornton by ceramics X~e considered. Figure 2 gives the
Co~uparison of piower abso-ption ts ceramic slabs -- all the saine dielectric constant
-1-d different loss factors,. Thle Increase in loss fe1ctor will udramatically increase thle
,bilhty or th e ceramic slab to aosoro maicroviave zne-rgy. i vC"Ure i sows that with

-:Iie increase ot bot dlelectric constant and loss factor. teu-n-formit-y and abfliwt Of
nower a Dsoripti.on by ceramics are also increased.

>inularing.\,iHzrowave H eating of :Cermics

_,.e deelOn.ed rOr-inear -.nite el-eent methlod is; used ifl th--s case to fia th-e
a zani eln-eratuic nrortle oi ceramic stab ti1nder ilane xave raation



considering changes in both the dielectric constant and the loss factor with
temperature. The analysis procedure is displayed ii figure 4. The data of dielectric
constant and loss factor change with temperature are taken from Fukushima et
a[7]. The incident microwa ve power flux is 30kw/m2 .The microwave frequency
is taken to bt 6 GHz to be consistent with the dielectric data.

_ o 1
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Figure 2. Microwave Power Absorption for
Slabs with Different Loss Factors.
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Figure 3.Microwave Power Absorption for Slabs
with Different Dielectric Propertes.
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The mass density, specific heat and theu'nai conductivity are taken to be 4g/cm3,
1.125 j/g 0C and 10w/cm 2, respective ly. Tae thickness of1 the -ilate is taken to be
5.08 cm. The finite eleme-nt anais routine on ANSYS is implemented in the
calculation. The calculation is done on a VAX-i 1/780 computer. The CPU time is
79 seconds.
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Figure 4. Procedures for S-rnuiatirig Micrawave Heating of Ceramics.

Figure 5 gives the !emperatun variation with ti.Te, i! O.Olm inside the slab from
the microwave incidernt plane. T17he 1,eiper.3tue -Xc fanes slowly at the beginn .lng
and rapidly after 6000C.

Figure 6 displays ti-e temperature profile over the thickness of the slab. An
appreciable temperature gradient is observtd. 7ni. temperature gradient is caused
by non-symmetric midcrowave radiation of the ceramac slab and rad'ation heat loss at
the boundary, which subsenuently resuilts in a non-wiiform power absorption by
the ceramic slab. If symmetric radiation is rca!ized,.. i.e., microwave radiation is
fromn both sides ofl the slab, ff~c uneven hecatin, will ilsuit from boundary radiation
heat 1055 only and the center of slab will hav._ th ihs eprt.Hence, the
radiation heat loss at the bound.,-v is the main contrnbu~ion to th'e non-uniform
ie~ting with microwaves observea :in our iaboretory wvhere the cera-mic sample .s

meltC1x; at the center while the bound,-y is still intact. In order to prevent this eifect.
gooo- insulation must be used at the boundary. AMs, in practice. the ceramic sample
needs to b rotated continuously to pre 'ent any uneven radiation. Figure 7 snows



the variation of total microwave energy absorbed by the ceramic slab verse the
temperature variation at .Olm inside the slab from microwave incident plane. It
indicates that as the ceramic becomes hot, its energy absorption ability is increased.
Therefore, thermal runaway is realized in microwave heating.
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Figure 5. Dynamic Temperature Profile 0.01m

inside the Slab from the Incident Plane.
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Figure 6. Temperature Distribution over the Thickness of the Slab.
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Figure 7. Total Microwave Energy Absorbed by slab vs. Temperature.

CONCLUSION

A method of modeling microwave heating of ceramics is developed here. The
results show that increasing the dielectric constant could increase microwave power
absorption uniformity while increasing the loss factor could increase the material's
ability to absorb microwave energy. It is found that non-uniform heating observed
in the laboratory can be caused by boundary radiation loss and non-uniform
radiation by the microwave source. Through this research, it is observed that the
dielectric property of a material at elevated temperature has a very important role in
designing microwave processing technique. In microwave sintering of ceramics,
the green sample changes its microstructure during microwave heating. Its dielectric
properties change with not only temperature but also microstructure. Hence, the
characterization of the dielectric property of ceramics during microwave sintering is
very important. In doing so, we are not only able to control the sintering process
but also able to understand thoroughly the mechanism of microwave sintering.
Therefore, we need to develop a method to dynamically characterize the dielectric
property of materials with temperatures as well as model microwave heating for the
ceramic samples of complicated shapes.
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